e acoustic emission (AE) characteristics, change law of the ultrasonic velocity, and internal failure mode of cemented waste concrete-coal gangue backfilling (CWCGB) with 600 days of curing time were studied under uniaxial loading conditions. Waste concrete particles of 5 mm acting as fine aggregates substituted for 30% and 50% fine coal gangue in the cemented coal gangue backfilling (CGB). AE was used to test the ring count and changing rule of the accumulated energy, locate the event for positioning, and calculate the number of events. e average ultrasonic wave velocity was measured via an ultrasonic detector. e characteristics of the microfractures were observed via a scanning electron microscope. e results showed that the specimens with 30% and 50% waste concrete replacement rates underwent ultrasonic wave velocity stabilization and a rapid decline stage under uniaxial compression; for the former case, the decline started earlier. e AE ring count attained peaks at the pore compression stage, yield stress point, stress peak value, and residual stress stage with no added waste concrete and 30% and 50% waste concrete substitution rates. e value and consequent frequency of the ringing count peak and cumulative energy slope increased with increasing waste concrete substitution rate. A microcrack was observed at the interfacial transition zone between the cement paste and gangue owing to the alkali-aggregate reaction effect. However, a better bonding performance was exhibited by the waste concrete particles and paste.
Introduction
As a major construction material, concrete is widely used owing to the rapid growth in the urbanization in China. e demolition of old constructions generates a large amount of waste concrete, which is disposed at will and leads to various environmental problems. It is reported that more than 200 Mt of waste concrete is currently being produced each year in China [1] . erefore, concrete recycling producing recycled aggregate concrete (RAC) to partially substitute the natural aggregates has been recognized as an effective approach to offset their shortage and for waste concrete disposal. e other effective method of using waste concrete is to use it in cemented coal gangue backfilling (CGB). It can be mixed with cement, gangue, fly ash, and other solid waste, transported through a pipeline to the goaf, and forms a filling body after solidification as "artificial rock," allowing efficient control of surface subsidence [2, 3] (Figure 1 ). e addition of RAC to CGB not only moderately increases the filling strength but also supplements the shortage of coal gangue in some mines and reduces the material cost [4, 5] . Because a backfilling body is directly in contact with the roof and supports the stress from the overlying rock, it is very important to monitor and evaluate its stability. e monitoring and evaluation of the mechanical property change of filling materials under uniaxial compression have been discussed. Achieving this for CGB has important practical significance [6, 7] . e methods for monitoring and evaluating the material stability include acoustic emission (AE) and ultrasonic monitoring. During uniaxial loading, a filling material can become damaged or fractured. e resulting energy is released and transmitted via the material media and reflected by the receiving AE signal. When an ultrasonic wave is transmitted through a material, the ultrasonic rate changes owing to the closure, initiation, and expansion of the cracks in the material under uniaxial compression. erefore, AE and ultrasonic monitoring are used to monitor the occurrence of backfilling.
Many scholars have studied the ultrasonic response characteristics of rocks with different lithology, concrete, and cemented paste backfilling (CPB) during loading. Yasar and Erdogan [8] established a correlation between the ultrasonic properties and compressive strength of carbonate rocks. Ulucan et al. [9] also correlated the compressive strength of concrete with its ultrasonic pulse velocity (UPV). Fu and Wang [10] found from the ultrasonic nondestructive testing of a concrete component that the amplitudes of the ultrasonic parameters of the concrete component cracks were the most sensitive. When the coupling is good and test conditions are approximately the same, the amplitude value of the attenuation can be used to sharply determine the main basis of the defect in the concrete members. e velocity parameters of an ultrasonic wave are not sensitive to little defects. Zhu et al. [11] studied the changes in the ultrasonic wave velocity, amplitude, and main frequency of concrete under uniaxial loading. e test showed that the wave velocity exhibited a low sensitivity to the stress variation, and the wave speed was basically stable at approximately 70%. Compared with the wave speed, the ultrasonic amplitude attenuation has a higher sensitivity for detecting cracks. Regarding CPB, Diezd'Aux [12] and Galaa et al. [13] obtained the UPV values for CPB samples with different binder dosages (3-5 wt.%), but the correlation between the UPV results and CPB strength was not established. Consequently, Yilmaz et al. [14] conducted a study to take the advantage of the UPV measurement to predict the strength of CPB samples. Wu et al. [15] studied the uniaxial compressive strength of cemented waste rock filling material after different curing periods. It was found that the ultrasonic velocity increased with the fly ash and solid content, and the ultrasonic velocity and uniaxial compressive strength exhibited an obvious exponential dependence. Xu et al. [16] performed laboratory ultrasonic testing with different coal samples for different bedding directions and different lithology rocks and found that the longitudinal wave velocity increased with the finer mineral particles.
To investigate the evolution mechanism of the mechanic properties in the process of failure, researchers have performed much work on the AE characteristics using different rocks and concrete. Ji et al. [17] studied the frequency characteristics of the AE signals for granite under the condition of a single axial compression and assumed that the rate of the AE ringing gradually changed with the increase in the relative stress. Qin et al. [18] indicated that the AE properties were dependent on the uniaxial stress and failure index. e authors found that the AE events were fewer in the elastic stage, rapidly increased in the plastic stage, reached the maximum value in the post-peak stage, and subsequently reduced gradually. Ma et al. [19] analyzed the AE characteristics of rocks containing microcrack sand artificial cracks. e results suggested that the AE events of the rocks including microcracks mainly depended on their pores or fissure sin mineral particles and that the number of AE events was low before rock failure. Zhao et al. [20] studied the AE characteristics of Beishan granite under uniaxial and triaxial compression.
eir results exhibited that the evolution of the AE hit counts in the uniaxial compression test were similar to those in the triaxial compression test. Li et al. [21] presented laboratory test results for the spatial and temporal evolution of the AE events of granite and marble specimens under uniaxial compression. e results showed that the spatial correlation length either increased or decreased depending on the combination of the stress release and stress redistribution. Xu et al. [22] investigated the AE properties of skarn under uniaxial compression by cyclic loading. e experimental results suggested that the AE events rapidly increased in the postpeak stage, and the produced AE events of higher energy sharply increased when the stress obviously decreased. Furthermore, the skarn still produced abundant AE events in the unloading stage, and the AE characteristics of the skarn had no Kaiser effect under cyclic loading owing to the differences in the original fissures. However, Wu and Yu [23] presented a study with inconsistent AE occurrence number and energy intensity in the process of rock failure. Guo et al. [24] applied AE and its positioning technology to synchronously monitor the variation in the strength of concrete during loading. Accordingly, the relationship between the concrete strength index and AE frequency characteristic parameters was analyzed. Moreover, the AE and ultrasonic waves were concurrently used to study the failure characteristics of different lithologies. Li et al. [25] studied the deformation and failure characteristics of salt rocks under triaxial compression by using ultrasonic and acoustic emission. It was found that the AE events increased sharply, vertical wave velocity was stable, and shear wave velocity declined obviously with the rapid crack growth. Li et al. [26] applied ultrasonic transmission devices and AE to study the variation in the anisotropic wave velocity and fracture with the increase in the stress for shale under triaxial loading. e ultrasonic wave velocity and AE evolution characteristics of granite under uniaxial compression were studied by Zhang et al. [27] , who found that the wave velocity and wave amplitude gradually increased as the stress increased, with the lateral velocity near the closure stress attaining the peak value.
Above all, the AE, ultrasonic evolution, and propagation properties of concrete, coal, rock, and CPB under static and different compression conditions have been studied. In these investigations, the internal damage characteristics of the various materials could be revealed by using the AE and ultrasonic characteristics and changing rule under the different loading conditions. However, the internal structure characteristics of cemented waste concrete-coal gangue backfilling (CWCGB) are different from those of rock, concrete, and CPB because the coal gangue and waste concrete particles are fine aggregates.
erefore, under compression, the destruction of the features of the CWCGB would be di erent from the above materials. In this study, waste concrete of −5 mm partly replaced the ne coal gangue within CGB, the failure mode and structural change in the CWCGB were re ected by using AE and performing ultrasonic testing under uniaxial loading, and the internal mechanism of the destruction was revealed by the micromorphology. It provided the experimental foundation for the obtaining the optimum ratio of CWCGB and establishing an acoustic system for evaluating the back ll body stability.
Experiments

Sample Preparation.
In the test, ordinary Portland cement and y ash are used as the cementing materials in the CWCGB. e ordinary Portland cement (grade 42.5) is obtained from Taiyuan Lion Cement, Limited by Share Ltd., and the y ash samples (low CaO) are obtained from the power plant of Xinyang Colliery. e coal gangue and waste concrete act as the aggregate in the CWCGB. Coal gangue is extracted from the gangue mountain of the Xinyang coal mine in Shanxi province, which is categorized into ne (0-5 mm) and coarse (5-15 mm) gangue according to the particle size range. e mineral composition and chemical composition of the raw materials are available in the literature [28] . e waste concrete from C30 concrete after the removal of the steel columns is put in a KET-EP 150 × 125 sealed jaw crusher in two crushing stages. Finally, the waste concrete particles are arti cially screened by using 5 mm and 15 mm sieves.
e waste concrete ne aggregates mainly contain cement mortar particles, pebble powder, sand without the mortar package, and sand particles wrapping around the mortar. Figure 2 shows the −5 mm ne aggregate of coal gangue and waste concrete (−5 mm).
e ne aggregates of the gangue and waste concrete are screened and graded according to "the standard of sand, stone quality, and inspection method of ordinary concrete" (JGJ 52-2006). Table 1 presents the screening results of the gangue and waste concrete. It can be seen from the experimental results that cumulative residuals of the coal gangue and wasted concrete ne aggregates are very similar. What is more important is that the distribution of size of both materials allows to presume that the gaps between the aggregates will be reduced and it will increase the density of the CWCGB and enhance the compressive strength of the CWCGB [29] .
e bulk density, apparent density, and water absorption of the ne and coarse aggregates are measured in accordance with "the standard of sand, stone quality, and inspection method of ordinary concrete" (JGJ 52-2006). Table 2 lists the bulk density, apparent density, and water absorption of the coal gangue and waste concrete. e value is the average values of three specimens. It can be seen that bulk density and apparent density properties are larger for the gangue than the ne waste concrete particle, and water absorption is smaller for the gangue than the ne waste concrete particle because of the higher porosity of the cement paste with the Advances in Civil Engineeringwaste concrete. Moreover, the specific surface area of the waste concrete particles is larger than of the gangue particles having the same particle size.
Based on previous experiments [28] , the filling material as per the bleeding rate, slump, and strength requirement determined the proportion of the CGB to be used as the benchmark (mass ratio) as ordinary silicate cement, fly ash, coal gangue, and water ration of 1 : 2 : 5 : 2 (X1). e fine gangue (−5 mm) content accounted for 30% of the total amount of gangue with a dosage was 285 kg/m 3 , and the medium (5-10 mm) and coarse (10-15 mm) gangue contents each accounted for 35% of the total amount of gangue, with dosages of 332.5 kg/m 3 . e amounts of cement and fly ash were 190 kg/m 3 and 380 kg/m 3 , respectively, and the mass concentration was 80%. e fine waste concrete substituted the fine aggregates for the fine coal gangue (replacement rates were 30% (X2) and 50% (X3)), as can be seen from Table 3 .
After the raw materials were mixed and mechanically stirred, the slurry was transferred into 100 mm × 100 mm × 100 mm testing molds. After removing the template after 24 h, the specimens were placed in a curing room (temperature: 20 ± 2°C; humidity: 40 ± 5%). In view of the long-term support of the backfill in the overburden strata, after a period of 600 days, tests for the ultrasonic variation and AE characteristics were conducted under uniaxial loading condition in addition to a microscopic fracture observation test.
Test Procedures and Equipment.
For the test press, WAW-1000 kN microcomputer is used to control the electrohydraulic servo universal testing machine, and the loading rate is controlled by a displacement of 0.002 mm/s. For the AE test system, PCI-2 manufactured by the American Physical Acoustics Corporation (PAC) is employed, whose preamplifier is 40 dB, threshold value is 40 dB, resonant frequency for probing is 20-100 kHz, and sampling rate is 1 million samples per second. To conduct the ultrasonic tests, the Kang Kerui NM-4b nonmetal ultrasonic testing analyzer is selected with a sampling interval of 10 s. As shown in Figure 3 of the stress-strainultrasonic-AE testing device, the specimen is loaded during simultaneous ultrasonic and AE signal collection to ensure the stress-strain-ultrasonic-AE signal numerical collection synchronization. e AE probe is coupled to the surface of the concrete and fixed with adhesive tape to ensure good reception of the signal.
e micromorphology of the CWCGB is observed via a scanning electron microscope (SEM). For the observation, the surface is polished with decreasing granulation. Microstructural characterization is performed on the polished sample using a Hitachi TM-3000 SEM. Before the SEM scanning, the surfaces of the thin sections are sputter-coated with platinum (Pt). Figure 4 shows the relational graph of the CGB and CWCGB stress and AE counts under uniaxial loading. It can be seen that the peak value for specimen X1, X2, and X3 were, respectively, 8 MPa, 8.5 MPa, and 9.7 MPa. e reason for this trend is that the surface of the CWCGB has small cracks between the waste concrete particles and paste. Moreover, as the surface of the waste concrete is rougher than the coal gangue, it has a larger Figure 3 : Stress-strain-ultrasonic-AE testing device diagram. 1, insulation pad; 2, ultrasonic probe; 3, specimen 4, acoustic emission probe; 5, acoustic emission detector; 6, ultrasonoscope; 7, stress control system; ultrasonic data acquisition system; stress-strain data acquisition system; AE data acquisition system. Advances in Civil Engineering 5 friction coefficient, which contributes to the more cementing between the aggregates and paste (seen subsequently in Figure 5 ) and could increase the strength of the backfilling material. It can be demonstrated that the waste concrete as supporting skeleton is more conducive for supporting the overburden load. In addition, the stress peak value with no added waste concrete and waste concrete substitution rate of 30% and 50% for 28 d curing time is 6.9 MPa, 7.5 MPa, and 8.0 MPa, respectively. e stress peaks of CWCGB for 600 d is more than for 28 d with the same substitution of waste concrete, which due to the pozzolanic reaction after 28 d curing times [30] . e stress-strain curves of the CGB and CWCGB specimens under the uniaxial loading are mainly divided into four stages: pore closure stage (0-ε a ), reversible elastic deformation stage (ε a -ε b ), unstable fracture development stage (ε b -ε c ), and residual deformation stage (ε c -ε d ) ( Figure 6 ).
Results and Discussion
AE Characteristics of CWCGB.
Pore Closure Stage (0-ε a ).
e compaction and consolidation of the pores and microcracks occur in this case.
e peak frequency of the ringing count appears to be low for the no added waste concrete, and its value is also decreased compared with the added waste concrete cases. e peak frequency and value of the ringing count are increased with the increasing substitution rate for the waste concrete. In this stage, the weak signals of the AE mainly come from the tiny crack and pore closure surface contact slip. is is because the larger specific surface area and rougher surface of the waste concrete than of the gangue produce more energy in the process of contact friction. (ε a -ε b ) . Peaks in the ring counts are rarely found for the specimens with different waste concrete contents, indicating that the microfissuring would be relatively stable in these specimens.
Elastic Deformation Stage
Plastic Deformation to Unstable Fracture Development
(ε b -ε c ). During the stress yield phase, there is a significant peak in the ringing count, indicating that the microcrack in the filling material has expanded. With the increasing waste concrete content, the ring count peak intensity and frequency increase during the yield point stress and peak strength stage caused by the crack cut-through between the paste and waste concrete and between the paste and gangue. When the stress reaches the peak, the intensity of the ring count also attains the peak, and the ring count peak appears to lag for the all specimens corresponding to the stress peak, which can be attributed to the crack cut-through and the detached bulk generating a wide-range violent gliding along the plane of the fracture.
Residual Deformation Stage (ε c -ε d ).
e frequency of the ring count attains a peak for the different waste concrete contents; however, the specimens lose their support ability, the AE energy source from the broken blocks of the stripping off between the particles, and the friction. With the increase in the waste concrete substitution rate, the peak value of the ringing count increases.
It can be seen from Figure 7 that, for the no added waste concrete and 30% and 50% waste concrete substitution for the fine coal gangue, the accumulation of energy change rate of the filling material increases. is reflects that the more waste concrete content of the filling material can release more energy in the process of uniaxial loading, which in turn can be attributed to the more energy produced by the friction between the particles of the gangue and waste concrete. More energy is released by the removal of the cement interfacial transition zone (ITZ) between the paste and aggregates with the increasing waste concrete content in the process of the breeding, resulting in the occurrence and extension of the crack. e reasons for this are the larger specific surface area and the more interfacial roughness of waste concrete particles leading to the more bond strength [31, 32] . Figures 8 and 9 show the characteristics of the external failure with 30% and 50% waste concrete substitution under uniaxial loading, respectively. Figures 10 and 11 show the characteristics of the AE events with 30% and 50% waste concrete substitution under uniaxial loading, respectively. At the stage of pore compaction (0-σ a ), there is no obvious crack in the specimen surface (Figures 8(a) and 9(a) ). e number of AE events for the 50% waste concrete substitution rate is more than for the 30% waste concrete substitution rate (Figures 10(a) and 11(a) ). is can be attributed to the higher fine content of the coal gangue and more number of microcracks in the void and microcrack compaction stage (as shown subsequently in Figure 5 ).
In the elastic phase (σ a -σ b ), the number of AE events for the CWCGB with 30% waste concrete substitution rate is more than 50% substitution rate (Figures 10(b) and 11(b) ), which is related to the weak ITZ between the gangue and paste that is more likely to produce cracks in the process of continuous pressure. However, few microcracks would be seen on the surface of the specimen (Figures 8(b) and 9(b) ).
In the unstable fracture development stage (σ b -σ c ), corresponding to the transition from the yield stage to the stress peak stage, there are obvious cracks undergoing expansion. ere are two distinct main vertical fractures at the sides of the specimen that extend rapidly from the top to the bottom. Furthermore, between the two main fissures, a secondary fissure develops continuously, such that they penetrate each other and go through the main crack. However, the secondary fissure between the main microcracks has a less distribution for the 50% substitution rate (Figures 8(c), 8(d), 9(c), and 9(d) ).
In the residual deformation stage (σ c -σ d ), the extent degree of the main crack and secondary fissure increases, and the debris of the CWCGB specimen falls continuously in the process of compression (from Figures 8(e), 8 (f ), 9(e), and 9(f )). e number of AE events for the 50% substitution rate is more than that for the 30% substitution rate (Figures 10(c) and 11(c) ). is can be attributed to the larger specific surface area of the waste concrete producing more ITZ cracks and to the more power to overcome the cementing ability between the waste concrete and paste. 
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Ultrasonic Characteristics of CWCGB.
e CWCGB contains solid, liquid, and gas phase media. e solid-state mainly includes the waste concrete, coal gangue, and paste; the liquid exists in the moisture inside the material porosity; and the gas mainly exists in the pore and microcracks. When the curing time is 600 days, there is hardly any water in the material because it evaporates or is involved in the hydration reaction.
e propagation of ultrasonic waves in the CWCGB specimen is primarily through the solid and gas-phase media. e propagation velocity in the different media in the CWCGB specimen is different, and it can be refracted, diffracted, or absorbed by the cracks in the CWCGB specimen, so that the propagation speed is reduced. e change in the ultrasonic wave velocity reflects the development and extent of the fracture in the CWCGB specimen under uniaxial compression. It can be seen from Figure 12 , at initial point ①, for the waste concrete substitution rate of 30% (Figure 12(a) ) and 50% (Figure 12(b) ), the average ultrasonic wave velocity is approximately 2.3 km/s and 2.05 km/s, respectively. is can be attributed to the more number of voids and cracks in the waste concrete and its higher bulk density and apparent density than the gangue. us, the propagation velocity of the ultrasound through the gangue medium is higher than the waste concrete medium transmission rate. At point ②, the ultrasonic wave velocity obviously increases for the two waste concrete contents at the beginning of pressure, which can be related to the compaction of the voids and microcracks in the material. In the process of continuous pressure application, the wave velocity is in a relatively at stage.
In region ③, corresponding to the later period of the pore compaction stage and early period of the elastic stage, the ultrasonic velocity uctuates associated with the closing of the fracture and pore surface contact slip faulting. Moreover, it can be used as an indicator of the lling material entering the elastic deformation stage. After the uctuation of the ultrasonic wave velocity, it rapidly decreases for the 30% replacement rate of the waste concrete, indicating that there are obvious cracks in the material. After region ③, the ultrasonic velocity change is very small for the 50% waste concrete substitution rate, which can be attributed to the stable performance of the CWCGB because of no obvious crack and a medium density change. us, the 50% waste concrete can form a relatively stable supporting system.
As the stress attains the yield point, the ultrasonic velocity exhibits a large discrepancy, as can be seen in region ④. e reason for this is that after the stress reaches the yield point, the material interior undergoes an obvious damage and is accompanied by the generation of a crack, reducing the propagation velocity of the ultrasound in the specimen.
e stability of the lling body can be predicted e ectively by using the ultrasonic monitoring device. At the corresponding stress peak, the ultrasonic wave velocity shows the lowest value. At this time, the damage degree of the lling material reaches the maximum and crack expansion is relatively developed. 
Micromorphology of CWCGB.
As can be seen from the microscopic image ( Figure 5 ), there are numerous tiny fractures in the ITZ between the coal gangue and paste in the static condition. e reason for this is that the mechanically crushed coal gangue has pozzolanic activity, and it reacts with Ca(OH) 2 produced by the hydration of cement as an alkali-aggregate reaction at the 600 d curing time [33, 34] . is is also responsible for the low strength of the CGB. Moreover, the waste concrete contains granite, which has a good contact with the paste. It can be seen that adding waste concrete as an aggregate can reduce the occurrence of the alkali-aggregate reaction and e ectively increase the strength of the CGB [35, 36] . In addition, the crack appears not only mainly on the ITZ between the coal gangue and paste but also between the waste concrete and paste under the axial loading, so that the degree of the expansion crack between the coal gangue and paste is more.
Conclusion
(1) e AE ring count peak appears at the pore compression stage, yield stress point, stress peak, and residual stress stage with di erent waste concrete contents under uniaxial loading. e peak value and frequency of the AE ring counts increase with the increasing waste concrete substitute rate, and the slope of the accumulative energy curve gradually increases with the increasing waste concrete substitution rate. (2) e ultrasonic wave velocity for the 30% waste concrete substitution rate is higher than for the 50% waste concrete substitution rate under the unloading condition. e ultrasonic wave velocity uctuates at the elastic deformation stage. With continuous loading, the wave velocity of the 30% waste concrete substitution rate drops rapidly, whereas for the 50% substitution rate, it is relatively stable. e least ultrasonic wave velocity values for the two waste concrete substitution rates of the CWCGB are di erent. (3) During the pore compaction stage, there is no obvious crack on the specimen surface. e number of acoustic emission events for the 30% waste concrete rate is more than for the 50% waste concrete substitution. At the elastic stage, the specimen is compressed and deformed, and there is a microcrack on the specimen surface. ere is less distribution of the secondary ssures between the two ends of the surface of the lling material of the abandoned concrete and the main fractures extend along the axial direction. From the yield to the stress peak phase, there is an obvious crack generation; there are two main fractures stretching along the axis direction, and the secondary interstice between the main cracks develops continuously. In the residual deformation stage, the AE events of the 50% waste concrete substitution are more than for the 30% substitution. After the stress peak, the expanding degree of the main crack and secondary ssure increases continuously, and the debris of the CWCGB keeps falling. It can be seen from the microscopic observation that there are obvious cracks at the interfacial transition zone between the gangue and paste, and the cementation properties of the waste concrete particles and paste are better. ere are obvious cracks in both interfacial transition zones under uniaxial compression. In our study, only 100 mm × 100 mm × 100 mm size specimen of CWCGB were used to test AE and ultrasonic characteristics, and these characteristics of CWCGB with di erent size specimen should be investigated. Moreover, the comparison of the results from the eld to this experimental conclusion should be presented in the next. 
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